New developments and discoveries in biomineralization have occurred almost continuously in the intervening decade since the previous IUGG quadrennial report on biominerali zation and biomagnetism was published [Kirschvink, 1983] . Biomineralization is widespread in the biosphere and over 60 different inorganic minerals are produced by a variety of organisms from bacteria to humans [Lowenstam and Weiner, 1989] . Hie literature on biomineralization is interdisplinary, combining research in microbiology, biotechnology, physics, geology, and paleomagnetism. For paleomagnetism and rock magnetism, iron biomineralization of magnetic minerals is of prime importance. From a paleomagnetism perspective, bio genic magnetic minerals can be deposited in sediments and acquire a natural remanent magnetization that preserves a record of the ancient geomagnetic field. From a rock magnetism perspective, biogenic magnetic minerals provide novel sources of magnetic material for experimental studies in fme particle magnetism. Both perspectives are interrelated through a common goal of developing magnetic techniques to detect biogenic magnetic minerals in sediments and soils. For example, the extent to which iron biominerals contribute to the fine-grained magnetic mineral assemblages in freshwater and marine sediments is important for identifying and interpreting the magnetic record of environmental change [Oldfield, 1992; Reynolds and King, this issue].
Introduction
New developments and discoveries in biomineralization have occurred almost continuously in the intervening decade since the previous IUGG quadrennial report on biominerali zation and biomagnetism was published [Kirschvink, 1983] . Biomineralization is widespread in the biosphere and over 60 different inorganic minerals are produced by a variety of organisms from bacteria to humans [Lowenstam and Weiner, 1989] . Hie literature on biomineralization is interdisplinary, combining research in microbiology, biotechnology, physics, geology, and paleomagnetism. For paleomagnetism and rock magnetism, iron biomineralization of magnetic minerals is of prime importance. From a paleomagnetism perspective, bio genic magnetic minerals can be deposited in sediments and acquire a natural remanent magnetization that preserves a record of the ancient geomagnetic field. From a rock magnetism perspective, biogenic magnetic minerals provide novel sources of magnetic material for experimental studies in fme particle magnetism. Both perspectives are interrelated through a common goal of developing magnetic techniques to detect biogenic magnetic minerals in sediments and soils. For example, the extent to which iron biominerals contribute to the fine-grained magnetic mineral assemblages in freshwater and marine sediments is important for identifying and interpreting the magnetic record of environmental change [Oldfield, 1992 ; Reynolds and King, this issue].
Instead of a general overview of biomineralization, I will highlight developments in the iron biomineralization of magnetic minerals by microorganisms made during the last quadrennium (1991-1994) that impact paleomagnetism, rock magnetism, and fine particle magnetism. For readers interest ed in more general aspects of biomineralization, several books and reviews have been published recently [Lowenstam and Weiner, 1989; Mann et al, 1989; Frankel and Blakemore, 1990; Mann, 1993; Frankel and Mann, 1994] . The following discussion will briefly review four areas: magnetotactic bacteria, biomineralization, iron biominerals in sediments, and iron biominerals and fine particle magnetism.
Magnetotactic Bacteria
Magnetotactic bacteria (MTB) orient and migrate along the geomagnetic field towards favorable habitats, a behavior known as magnetotaxis. Since the first report of magnetotac tic bacteria by Blakemore [1975] Bacteria that produce mineral phases by BIM do not strict ly control the crystallization process, resulting in particles with no unique morphology and a broad particle size distri bution. Non-magnetotactic dissimilatory iron-reducing and sulfate-reducing bacteria produce magnetite, siderite, vivianite, and iron-sulfides by BIM processes [Lovley, 1990; Bazylinski and Frankel, 1992] . For example, the ironreducing bacterium Geobacter metallireducens (formerly GS-15) is a non-magnetotactic anaerobe that couples the oxida tion of organic matter to the reduction of ferric iron, inducing the extracellular precipitation of fine grained magnetite as a byproduct [Lovley, 1990] . In laboratory culture, GS-15 can produce 5000 times more magnetite by weight than an equivalent biomass of magnetotactic bacteria. Nevertheless, magnetic measurements show that most of the particles GS-15 produces are within the magnetically unstable, superparamagnetic ( Much of the current research in biomineralization is directed towards identifying, mimicking, or duplicating BOBtype processes in order to produce tailor-made inorganic materials [Mann, 1993] . In several species of MTB, the magnetite particles are enveloped in a membrane structure that anchors the mineral particles at particular locations in the cell and provides an enclosed microenvironment for pre cise biological control of magnetosome size and morphology [Mann et al, 1990; Frankel and Mann, 1994] . The most common magnetosome arrangement is one or more linear chains traversing the long axis of the cell [Mann, 1993; Frankel and Bazylinski, 1994] . How the bacteria accomplish this is not presently understood, but the bioarchitectural framework of assemblies of aligned magnetic particles in MTB clearly has artificial counterparts in the manufacture of permanent magnets 1990b] . The growth mechanisms for these forms are un known but particle shapes may be related to anisotropic ion flux through the magnetosome membrane or from constraints imposed by the surrounding membrane structure [Mann et al., 1990b; Frankel and Mann, 1994] . Whereas the cubooctahedral form is common in inorganic magnetites, the prevalence of elongated hexagonal forms in magnetosomes appears to be a unique feature of the biomineralization process in MTB Frankel and Bazylinski, 1994] . This aspect of magnetosome morphology forms the basis for distinguishing magnetosomes from detrital or BIM-type magnetite using electron microscopy.
The variability of magnetosome design and chain assembly is apparent in a study by Vali and Kirschvink [1990] on several types of uncultured magnetotactic bacteria. In one microorganism, an estimated 1000 bullet-shaped magnetite crystals were assembled into 5 rope-like bundles traversing the cell's long axis. Another bacterium was found to contain magnetosomes with three different crystal shapes, while yet another produced highly elongated (up to 300nm x 30 nm), but still SD, magnetosomes. Farina et al [1994] report finding unusual marine MTB that produce chains of "large" magnetosomes (200 nm). The magnetosomes are considered large because their crystal dimensions places them outside the theoretical SD size range and within the nonuniformly magnetized two domain (TO) size range for mag netite. If confirmed, the "large" magnetosomes raise some interesting questions about their biological function (magnetotaxis?) and may provide an opportunity to study the micromagnetic structure of non-SD particles.
Magnetosomes: Iron Sulfides
Greigite is isostructural with magnetite and is also ferrimagnetically ordered at room temperature. The greigite part icles are characterized by narrow particle size distributions and species-specific crystal forms [Heywood et al., 1991] . Electron microscopy of the greigite particles in several organisms has revealed at least two idealized particle mor phologies: (1) cubo-octahedral and (2) Although magnetotactic bacteria are ubiquitous in many present day aquatic environments, the eventual fate of magnetosomes and their relative contributions to remanent magnetization and the mineral magnetic record in sediments is not so obvious. Oldfield [1992] summarizes what he calls the "detri'tal" and "biomagnetic" interpretations of the source(s) of fine grained magnetite in Quaternary sediments with emphasis on the mineral magnetic signature of paleoenvironmental change. He argues that, whereas TEM observ ation of magnetosomes provides proof that a biogenic com ponent is present, new m^jnetic methods are needed to quantify the biogenic contribution in sediments and establish sediment-source linkages.
The most effective magnetic approach for biogenic identi fication and quantification should allow whole sediment samples to be measured using magnetic methods sensitive to the SD size specificity, and possibly chain assemblage, of BOB-type biogenic systems. Magnetic methods have the advantage of being rapid and non-destructive but may suffer from an ambiguity in distinguishing biogenic SD particles from detrital SD or small multidomain particles. In addition, BIM-type magnetic minerals lack the SD size specificity of magnetosomes and, at least for magnetite produced by GS-15, resemble inorganic magnetite particles produced during soil formation [Lovley, 1990] . Hence, crystal morphology alone is not a useful criterion for identifying BIM-type magnetite. Furthermore, unless one can show that all SPM particles in sediments or soils are biogenic, then magnetic identification of BIM-type particles is also precluded [Moskowitz et al, 1993] .
Two approaches to the biogenic problem have recently been presented. In the first approach, Oldfield
[1994] suggests using a combination of low-field, frequency depen dent, and anhysteretic susceptibilities to isolate a magneto some magnetic response. The problems posed by an in situ BIM-type magnetic fraction or volume reduction of magneto somes producing SPM particles by dissolution was not addressed. The method is calibrated with synthetic magnetite and natural samples from several environments where evi dence suggests either detrital or non-detrital (ie., biogenic?) magnetite. However, no electron microscopy was done to check whether magnetosomes were actually present in the sediments yielding the "biogenic" signature. The second approach is based on low temperature behavior (20-300 K) of saturation remanence observed in pure cultures of MTB on warming through the cubic-monoclinic phase transition in magnetite near 100 K . Unlike roomtemperature remanence/susceptibility parameters that are sensitive to a specific SD particle volume distribution, the low-temperature results appear to depend on the unique chain arrangement of magnetite magnetosomes in MTB and may be sensitive enough to quantify this fraction in bulk samples. Nevertheless, the method has yet to be "field-tested" on natural samples with known biogenic components.
Several studies reported biogenic minerals in lake, marine, and continental eolian deposits [Snowball, 1994; Hess, 1994 
Magnetosomes and Fine Particle Magnetism
Biogenic magnetic minerals also provide a novel source of material for fundamental studies in magnetism. For example, biogenic magnetite has been used to study the effects of magnetic interactions on isothermal (IRM) and anhysteretic (ARM) remanent magnetization. Because mag netosomes are of uniform size and shape, one does not have to untangle these effects from magnetic interaction effects, a common and often limiting problem in fine-particle studies using synthetic samples. An interaction test based on IRM and ARM behavior and "calibrated" against whole cells was used to study compaction, cementation, As mentioned previously, some magnetotactic bacteria produce "large" magnetosomes (up to 200 nm) with particle dimensions that are larger than the theoretical SD size range for magnetite [Farina et al, 1994] . Neglecting the biological implications of non-SD magnetosomes and engaging in sorne speculation, the existence of these magnetosomes has several fascinating magnetic implications. Either the magnetosomes are indeed two domain; or (1) the magnetosomes are really SD and the theoretical groundstate SD-TD transition size needs to be slightly revised; or (2) the magnetosomes are uniformly magnetized in an SD state but it is a higher energy metastable SD state within the equilibrium TD range. Possib ility (2) is the most intriguing and, if true, these bacteria can provide validation of micromagnetic models* as well as provide a source of metastable SD magnetite particles for study. Interestingly, the magnetosome dimensions are consistent with recent theoretical grain size limits for metastable SD magnetite particles [e.g. Dunlop, 1990] .
Contact and non-contact scanning force microscopy with a magnetic tip was used to simultaneously image topography and magnetic forces from the magnetosome chain assembly in a single MTB cell Farina et al, 1994] . The MFM estimate of the dipole moment of a single cell agreed well with the average dipole moment of the cell population from which the cell came, as determined with a superconducting (SQUID) magnetometer. However, the MFM result is a direct magnetic measurement of a single cell that represents ^lO 5 improvement in sensitivity over conventional SQUID magnetometers .
The MFM can also be a useful magnetic probe to study individual SD and "large" magnetosomes. It should be pos sible to decide among the alternative micromagnetic explan ations for "large" magnetosomes discussed above by either directly imaging a domain wall, spin vortex structures, or inducing the nucleation of a domain wall from the field of the MFM tip. The "conventional" SD magnetosomes also can provide a useful magnetic system for studying single particle switching behavior and time-dependent phenomena. Finally, MFM studies of magnetosomes can be useful for comparison with curre nt computer modelling of the micromagnetic spin structures of fine magnetic particles from first-principle calculations and quantitative predictions based on those models [e.g., Dunlop, 1990] . One potential payoff of these models will be to predict the grain size dependent behavior of remanence, coercivity, and susceptibility (ie., hysteresis properties) for the different magnetic minerals found in nature. Most importantly, as "grain-size proxies", these magnetic parameters form the basis for interpreting the magnetic record of paleoclimate change and the magnetic fmgerprinting of remagnetization in limestones. The study of biogenic magnetic minerals can provide critical experimental validation of these micromagnetic models and advance our ·understanding of the magnetic behavior of magnetite.
